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1. Introduction

Temporally short laser pulses on the order of hundreds of femtoseconds in duration, such as
those produced by ultrashort pulsed laser (USPL) systems, under certain conditions will produce
intense channels of light known as filaments when propagated through the atmosphere (1). The
physical processes underlying filament formation and atmospheric propagation, as well as
applications exploiting the unique properties of these filaments, has been an area of intense
research since the mid-1990s and has been summarized in several reviews (2-4). Femtosecond
filaments may be projected at distances approximately several kilometers and propagate
hundreds of meters in air (5). In addition, upon termination, the filament produces a
supercontinuum of white light (6, 7). These filament properties make the process of
filamentation an attractive tool for long-distance sensing applications. Filamentation has been
proposed as a light source for light detecting and ranging (LIDAR), (8) and large-scale systems
such as the Teramobile (9) have been developed to study filament propagation and LIDAR
sensing. Filament-based detection has been investigated for toxic metallic vapors, (10)
biological species, (11) and explosives (12).

The battlefield environment presents unique challenges for the use of lasers since propagation
through these environments is complicated by many natural and manmade particulates. Diesel
exhaust, dust, water vapor, and smoke all serve to scatter and absorb laser radiation, reducing the
effectiveness of lasers as sensing and illumination tools. Experimental and theoretical studies of
filaments have demonstrated the resistance of these filaments to disruption by aerosolized water
droplets (13-15). Tailoring the properties of these filaments for sensing and illumination
applications requires a fundamental understanding of how aerosols and airborne particulates
impact filament propagation.

2. Scope of This Review

The formation and propagation of filaments through liquids and gases has been intensively
studied through experiment and simulation (2—4). Despite these studies, many aspects of
filament formation and propagation remain only partially understood. Complications in filament
propagation due to atmospheric constituents such as particulates and aerosols, (15-17) as well
disruption due to atmospheric turbulence (18), have been explored to a lesser extent. Most of
these studies are aimed at understanding filament propagation in the presence of aqueous
aerosols and encompass a broad scope: from experiment to simulation, single aerosol droplets to
rainstorms, and laboratory studies to outdoor propagation in various environments (maritime,
high and low altitude) at hundreds of meters. No open literature to date presents studies on the
influence of solid airborne particulates, e.g., dust or soot, on filament structure and propagation.



This report provides a comprehensive review of experimental and theoretical studies related to
ultrashort laser propagation through aerosols. We first briefly discuss the physical process of
filamentation in air, followed by the experimental and theoretical investigations of filament
propagation through aerosols. Last, we examine the challenges of using filaments for sensing
and illumination beyond particulates found within complex environments, such as the battlefield.

3. Laser Pulse Filamentation in Air

Although the physics behind the formation of filaments in air has been studied intensely through
experiment and simulation, it continues to be debated. The science of filamentation has been
discussed in detail in the literature (2-4). In brief, the formation of filaments is principally
governed by two nonlinear optical processes: the optical Kerr effect and plasma formation and
defocusing. As ultrashort laser pulses of sufficient power propagate through the atmosphere, the
optical Kerr effect causes slow self-focusing of the laser pulses, which overcomes the linear
beam spread due to diffraction of the laser pulse. The required laser power for self-focusing,
known as the critical power (Pg), is defined by Marburger as (19)
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where ng is the linear refractive index, n; is the nonlinear Kerr index coefficient, and /o is the
wavelength of the laser source. For a typical Ti:Sapphire laser propagating through air, values of
800 nm, 1, and 3 x 10" %cm?W are used for Ao, no, and n,, respectively. This results in a critical
power requirement for Kerr self-focusing in air of ~3.3 GW. An additional study by Liu and
Chin (20) indicates that the value of n; is disputed (experimental measurement and theory do not
agree). Experimental techniques developed in their work produced pulse-length-dependent
values of P, ranging from 5 GW (t, = 200 fs) to 10 GW (t, = 42 fs). Energy contained in the
laser pulse is often reported as multiples of P¢r (e.9., 5 Per = 5 X Py = ~17-50 GW).

The second nonlinear effect required for filament formation is multiphoton ionization coupled
with plasma defocusing. As Kerr self-focusing progresses, the laser pulse intensity increases,
leading to photoionization of the air. This ionization of the air results in the formation of a
plasma and a local change in the refractive index of the air, causing the air to behave as a
divergent lens and the laser energy to defocus. In the regime above P, but below the relativistic
regime of 10'® W/cm?, the Kerr self-focusing and plasma defocusing successfully compete and
form a stable column of plasma (~100-150 um in diameter) known as a filament. At laser
powers exceeding the relativistic regime boundary, plasma defocusing predominates over self-
focusing, limiting the intensity available to form filaments. Figure 1 illustrates the roles of these
competing processes in the formation of the laser filament.



Figure 1. Nonlinear physical processes leading to the formation of a filament.

Propagation of the filament continues while sufficient laser energy remains in the region
surrounding the filament (energy reservoir) to drive the competing processes of self-focusing and
multiphotion ionization/plasma absorption. Below P, not enough energy remains, and the
plasma column dissipates. A schematic of these focusing-defocusing cycles is depicted in

figure 2.
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Figure 2. Schematic of beam focusing and defocusing cycles.
Solid curves indicate the beam core. The dashed line
is the root mean square radius of the beam (2).

At peak pulse powers >2 P, instability within the beam will result in the formation of multiple
filaments, each having a power roughly equal to P.,. As the filaments propagate and power is
lost, filaments whose power becomes <P, terminate, and their remaining energy is returned to
the energy reservoir surrounding the filaments. Filament numbers reduce gradually with
propagation distance until only one filament remains.

The propagating filament in air produces a broad spectrum of white light (6). Figure 3 depicts
the spectral properties of the white light supercontinuum as measured by Théberge et al. (7).
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Figure 3. Measured white light spectrum generated by 1.4-TW laser pulses. Dips in the emission spectrum
(labeled in the figure) correspond to the absorbance of continuum emission by molecular components
of air (7).

At the terminus of the propagating filament, the supercontinuum takes the form of a slowly
diverging conical emission. In cross section, the emission appears as a central white light
surrounded by additional colors appearing as concentric rings surrounding the white core. The
color order of the rings is the inverse of conventional diffraction, with blue components of the
spectrum appearing in the outer rings. The divergence half-angle of this conic emission is
dependent on light frequency and is roughly 0.12° for 500-nm light produced by a Ti:Sapphire
laser (2, 3).

4. Experimental Studies of Femtosecond Laser Filaments Propagating
Through H,O Aerosols

The earliest experiments demonstrating the interaction of filaments propagating through air and
interacting with water droplets were performed by Courvoisier et al. (13) in 2003. Using an
USPL operating with a pulse energy of 7 mJ/pulse and pulse duration of 120 fs (~58 GW), the
authors produced filaments in their laboratory. In these experiments, single droplets of water
were placed in the center of the filament at a distance of 1 m from the filament origin. Pulse
energy contained within the propagating filament (in the presence and absence of the droplet)
was determined by allowing the filament to drill an aperture in foil and then measuring the
transmitted energy. Results for a freely propagating (unobscured) filament and a filament
propagating after interaction with a 50-um droplet are shown in figure 4.



- ®
S 2 -
3
> 1 (a)—m— Free propagation
g’ (b)—®— 50 um droplet
ch 1 - (c) —A— Energy loss (x3)

0 | :\T\t\‘

v l
1 0 1. 5
Distance from the onset of filamentatlon (m)

Figure 4. Laser pulse energy contained in (a) a freely propagating filament
and (b) a propagating filament after interaction with a 50-um
droplet as a function of the distance after the formation of the
filament. The loss of energy due to the interaction (c) with the
droplet is magnified by a factor of 3 to aid in viewing (13).

Placing a 50-um droplet in the filament produced little impact on the propagating laser filament.
Small energy losses, about 130 pJ, relative to the unobscured filament were observed
immediately beyond the filament/droplet interaction, and overall filament energy differed only
slightly, about 40 uJ, relative to a freely propagating beam at the filament terminus (3 m from the
nonlinear focus). A decrease in the pulse energy difference between the freely propagating and
obscured filaments (curve c) led Courvoisier et al. to conclude that energy in the obscured
filament was being replenished by the surrounding energy reservoir and is consistent with earlier
studies which demonstrated that blocking the filament energy reservoir results in a loss of
continued filament propagation (21). Propagation of the filament beyond single droplets was
further demonstrated for transparent and absorbing (dyed with ink) droplets with sizes up to

95 um (64% obstruction of a typical 150-um filament). In this instance, reported energy losses
in the filament immediately after the large 95-um droplets were about 300-400 pJ.

In addition to investigating the effects of single droplets, the authors investigated the effect of
droplet distributions on filament propagation. Filaments were propagated through a 0.35-m open
cloud chamber, and the transmitted energy measured. Filament propagation was studied in this
chamber for several optical thicknesses, z. At low optical thickness values (7= 1.2), full
transmittance of the filament was observed. Propagation of the filament through the chamber
was demonstrated for values of optical thickness as high as 3.2; however, once the beam entered
unobstructed air beyond the chamber, propagation of the filament terminated due to energy
losses in the energy reservoir required for replenishment. The authors also observed that the



exponential decay of filament transmission with droplet concentration was consistent with linear
scattering, indicating that depletion of the energy reservoir is dominated by Mie scattering
processes.

In experiments performed by Bochkarev et al. (22) comparing optical transmission of ultrashort
laser pulses and continuous wave (CW) laser emission in the presence of water aerosols, they
observed a similar decay in optical transmission. Ultrashort laser pulses (1o = 800 nm, pulse
energy = 17 mJ, zp = 80 fs) and CW laser emission (4o = 630 nm) were passed through a jet of
water droplets with a root mean square radius of ~2.5 pm and particle concentration <10” cm.
Transmission of the filamented laser pulses was observed to adhere to Bouguer’s law (sometimes
referred to as the Beer-Lambert or Beer-Lambert-Bouguer law) (23), i.e., the transmission
decreased exponentially, while the aerosolized particle concentration increased (figure 5). A
comparison of extinction coefficients predicted by Bouguer’s law for 800-nm CW laser emission
(dashed line) with 800-nm femtosecond pulses indicated a slightly higher extinction coefficient
(~35% higher) for the femtosecond pulses. The authors attributed this difference to a loss in
laser energy resulting from multiphoton ionization processes that occur as the ultrashort pulse
propagates through air.
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Figure 5. Optical transmission of water aerosol at two
wavelengths vs. particle concentration. Theoretical
transmission of 800 nm predicted by Bouguer’s law is
indicated by a dotted line (22).

Ackermann et al. (24) experimented with filaments in rain-like conditions as part of a study
aimed at understanding the use of filaments for triggering lightning discharges. Filaments
produced by an USPL system were propagated across a 1.2-m gap through a droplet spray
generated between two electrodes at a fixed voltage of 1050 kV. The consistency of the spray
was equivalent to heavy rain (1.4 mm/min, mean droplet diameter 0.5 mm, droplet density of
0.3 droplets/cm®). Survival of the propagating filaments was confirmed by inspecting the laser
beam profile at the electrode surface. Triggering of voltage discharge was observed for laser



pulse energies as low as 60 mJ (7, = 170 fs), with an increased probability of discharge through a
cloud observed at higher pulse energies. Upon completing this work, the authors demonstrated
that filaments could be used as an electrical conduction path to trigger and guide high-voltage
discharges in conditions equivalent to a dense cloud.

In addition to these laboratory studies, filamentation through aerosols and water droplets has
been investigated using relevant atmospheric propagation scales. Using the Teramobile laser
system (9), Méjean et al. (15) propagated femtosecond laser pulses through 40 m of free air
space (at sea level) and into a 10-m-long open cloud chamber. The laser chirp was adjusted (t, =
600 fs) so filament formation occurred prior to the beam’s entry into the cloud (1 um mean
droplet radius, droplet density 6.7 x 10* droplets/cm®). The minimum laser power required to
transmit single filaments through the cloud was ~28 GW (~9 P ). Higher laser power resulted
in the transmission of multiple filaments. For 220-mJ pulses, the residual beam energy after
transmission was ~25 mJ/pulse or 45 GW.

Experiments performed by recording beam profiles at the exit of a cloud (50% transmission)
chamber for two different incident laser energies, 220 and 90 mJ/pulse (123 P, and 51 P,
respectively), demonstrated that beam energy influences the distribution and number of filaments
transmitted through the cloud chamber. Propagation through the cloud resulted in about a 50%
loss in the number of filaments, e.g., for 123 P, only 13 filaments were observed after the cloud
chamber compared to 24 observed for free atmospheric propagation. The authors indicated that
this behavior is consistent with the cloud acting as a linear power attenuator on the entire beam,
removing energy from both the transiting plasma columns and the power reservoir that supports
them. Furthermore, the authors concluded that because the clouds did not disrupt the filament
transmission, useful filament properties, such as white light generation, are attainable within and
beyond aerosol fields in outdoor settings as long as the density of the aerosol cloud permits
transmission of several critical powers.

In a second outdoor study, Méchain et al. (15) used the Teramobile system to examine the effects
of actual rain conditions on the propagation of filaments (25). Laser output from Teramobile
was propagated at a 3230-m altitude for 150 m through drizzle composed of small droplets

(<0.5 mm in size) falling at a rate of several millimeters per hour. Visibility through this drizzle
was estimated at 37% transmission over the 150-m distance. Unlike the experiments by
Courvoisier and Méjean, where filaments were formed prior to entering a cloud chamber, energy
from the laser encountered the drizzle before and after filament formation. Light scattering from
the rain did not affect the ability of the ultrashort pulses to self-focus. Furthermore, the authors
observed that losses in intensity caused by light scattering off the droplets could provide
nucleation centers for the formation of new filaments, and the formation of new filaments
compensated for losses of laser energy due to diffraction of the beam. Filaments produced in the
drizzle behaved similarly to the previously described laboratory and outdoor studies, i.e.,
disruption and subsequent replenishment from the energy reservoir resulted in the survival of
filaments but at reduced filament numbers compared to propagation through the atmosphere.



5. Theoretical Studies of Femtosecond Laser Filaments Propagating Through
H,O Aerosols

5.1 Simulation of Filament Interaction With Individual Aerosol Droplets

In addition to experimental studies that have demonstrated the survival of filaments through
aqueous aerosols in laboratory environments and outdoor settings, theoretical studies have been
performed to refine the understanding of how the filament propagates through and interacts with
aerosol droplets. Shortly following Courvoisier’s work demonstrating the survival of a filament
after individual water and ink droplets up to 95 um in diameter (13), several modeling efforts
were performed to test the validity of Courvoisier’s observations and understand the physical
processes behind them.

In the first of these studies, Kolesik et al. (26) simulated the filament/aerosol interaction using a
femtosecond pulse propagation model that simulates multiple physical processes including
diffraction, self-focusing, stimulated Raman scattering, plasma generation, and the interaction of
the laser pulse with the plasma. A 50-um-diameter aerosol droplet, modeled as an opaque
screen, was placed at two test locations in a simulated filament propagating over 3 m long (7-mJ
pulse energy, 7, = 140 fs). Placement of this opaque screen at distances of 0.4 and 1.0 m after
initiating the filament failed to dissipate the filament. Interaction of the filament with the
“droplet” resulted in an immediate loss of several percent of the pulse energy. Rates of energy
loss (mJ/m) for a freely propagating filament and perturbed filament remained almost the same,
indicating that diffraction caused by the screen is not propagated outside of the beam and is
instead captured by self-focusing of the laser pulse. The authors used a simulation of the
transverse laser fluence made at the “droplet” and 0.1 m beyond the droplet to demonstrate that
healing of the filament results from diffraction and expulsion of light from the off-axis plasma
regions of the filament.

In a second work authored at nearly the same time, Skupin et al. (27) proceeded to develop
two- (2-D) and three-dimensional (3-D) simulations to investigate the reformation of a filament
after aerosols. A simulation was performed using propagation equations consisting of an
extended nonlinear Schrddinger equation coupled to a Driide model to account for both the
electric field envelope and local plasma density of the propagating laser pulse. Specific
parameters used in the simulation may be found in the referenced source. The resulting 3-D
simulation reproduced a propagating plasma column with a diameter of 160 um at a distance of
0.39 m containing ~38% of the input energy, with the remaining energy relegated away from the
plasma core. Simulated droplets (50 to 95 um) were placed in the plane perpendicular to the
propagating filament. The filament was reformed within 2 cm of the interaction. Approximate
2-D models were investigated to further understand the replenishment process. In these models,
the filament is modeled without a surrounding photon bath of copropagating laser radiation.



Despite the lack of photon reservoir in the simulation, the authors demonstrated that filaments
could be rebuilt after interacting with single droplets up to 150-180 um. The authors concluded
that reformation of the filament resulted from a low-power state (after the interaction)
undergoing Kerr recompression, with the surrounding photon reservoir playing only a minor
role.

5.2 Simulation of Filament Interaction With Multiple Aerosol Droplets

Models of filaments interacting with single droplets, like those of Kolesik (26) and Skupin (27)
described previously, were not detailed enough to simulate realistic scenarios of USPL energy
interacting with multiple heterogeneous-sized droplets, such as rain or fog. While these single-
droplet models had been focused primarily on reproducing experimental observations, such as
self-healing of filaments, expansion on these models was required to elucidate more details about
filament formation and interaction with water-based aerosols. In addition to the attenuation of
laser power by aerosols, information sought included the effects of laser power, power contained
in the filament, aerosol droplet size, droplet density, and aerosol layer thickness on distance
before filamentation formation, filament length, and the number and distribution of filaments.

Also of interest was trying to elucidate the origin of filament self-healing or the origination of
new filaments after aerosol interaction with the laser pulse. The previous models used by
Kolesik and Skupin indicated filament reformation originated from energy dispersed from the
filament core or the surrounding plasma periphery. Because their models were designed to
examine only single filaments (modeled as solitons) interacting with single droplets, they lacked
sufficient detail to describe the potential roles other parts of the laser pulse, such as the photon
reservoir, might play in filament formation, self-healing, and propagation in the presence of
multiple aerosol droplets.

5.2.1 Continuous Linear Damping as a Model for Multiple Aerosol Droplets in Simulations

Adapting previously developed physical filament propagation models (28, 29), Méjean et al. (15)
simulated filament power attenuation over a distance of 10 m using a linear damping term or
randomly generated distribution droplets. In this simulation, a Gaussian beam with a pulse
duration of 600 fs and 110 P, was propagated 1 m before entering a 10-m attenuation region. In
the first case, linear damping was applied by setting the linear extinction coefficient € (see
equation 1 in Méjean et al. [15]) to a value of 0.07 m™ to produce an attenuation rate of 50%
over the 10 m. In the case of random droplets, € for the aerosol region was determined according
to the following expression:

£=NzR?, )

where N is the droplet density, and R is the droplet radius. Equation 2 assumes that the number
of droplets in a given distance step along the laser path and at a fixed droplet density can be
defined by the Poisson density function, and that individual droplets do not overlap.



Using this model, Méjean et al. demonstrated that filamentation patterns produced after 4 m of
propagation using the linearly dampened expression were qualitatively similar to those produced
using simulated fields of 25- and 50-um random droplets. The effect of droplet radii (R) on laser
power attenuation was identical, provided the droplet density (N) was adjusted so that the
product N x R? in equation 2 was held constant. Observations made at a distance of 10 m of
propagation indicated that the similarity between the attenuation of laser power by linear
damping and by random droplet collisions was maintained. The authors did note, however, that
large distance attenuation from the random droplets reached ~55% compared to the fixed
simulation with linear damping (fixed at 50%).

Using this linear damping approximation, Méjean et al. (15) proceeded to simulate the filament
patterns created by a USPL beam freely propagating a distance of 50 m and also for a distance of
40 m followed by 10 m of a dense fog (50% transmission) as a comparison to their previous
experimental studies using the Teramobile. In addition, several laser pulse powers were
investigated. Simulations performed at a pulse energy of 220 mJ (123 P.) produced 25
filaments over 50 m of free propagation and 12—15 filaments through the fog (40 m free + 10 m
fog). At a pulse energy of 90 mJ (51 P,), 12 filaments were produced in free propagation and 6
through the fog. The authors concluded that each filament contained ~5 P, regardless of
propagation through free space or through aerosols, and that linear damping losses could be used
to simulate energy losses in a propagating filament due to micrometric droplets. Furthermore,
the authors mentioned that because clouds have little effect on filamentation and reduce only the
number of propagating filaments, desirable features of filamentation, such as white light
generation, are possible within clouds as long as the several P can be transmitted.

Zemlyanov and Geints (30) performed simulations of filaments designed to clarify the impact of
water aerosols on the evolution of the filament. Filaments were created using a combination of a
nonlinear Schrodinger equation for the varying electronic field envelope coupled to a Driide
plasma model and were simulated in 3-D+1 dimensional space. Attenuating aerosol layers of
varying optical thickness were generated in a similar fashion to the previously mentioned work
by Méjean et al. (15)—i.e., through insertion of a linear extinction term in the filament model—
and were placed at various locations along the axis of the simulated propagating laser beam.

Aerosol screens with optical depth of unity (¢ = 2.27 m™) were placed before and after the
nonlinear focus of a filament produced from a laser with the following parameters: o =

800 nm, 7, = 80 fs, pulse energy = 8 mJ, P = 15 P¢,. Results of these 2-D simulations are shown
in figure 6.
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Figure 6. The 2-D fluence profile of propagating filaments (30).

Note: Panels A, B, and C represent filament propagation in free atmosphere, propagation with an
aerosol screen placed prior to the nonlinear focus, and propagation with an aerosol screen placed
after the nonlinear focus, respectively. The axis, z, represents normalized distance along the
beam path, and the position of the aerosol layer along z is indicated by the dashed box.

Placement of the aerosol screen prior to the nonlinear focus shifted the focus (and initiation of
the filament, indicated by zy; in the figure) to a larger distance while shortening the filament
length (zr,— z11) because of losses to the peak power of the beam, P, and losses in stability due to
influx of energy from the beam periphery to its core.

When placed after the nonlinear focus (beam already filamented), the filament appeared to be
blocked by the aerosol screen. An aerosol attenuation layer five times shorter (¢ = 11.36 m™)
was applied at the same location beyond the nonlinear focus to elucidate the role of a thinner
aerosol field. In simulation with this thinner layer, the filament reformed and evolved similar to
a freely propagating filament; however, the filament suffered a loss in stability. From these
results, the authors concluded that when a filament contacts thick aerosol layers, the longer
attenuating optical path gradually reduces filament power by disrupting the balance between
Kerr self-focusing and diffraction of the beam, lowering energy replenishment of the core
filament from the photon reservoir. This loss of power leads to greater beam diffraction,
increased beam cross section, and reduced intensity. This observation contrasts the conclusions
made by Kolesik and Skupin that the photon reservoir had little role in reforming the filament
after it interacted with aerosols (26, 27). Thin attenuating aerosols allow the filament to recover
quickly if the beam power is sufficiently high enough above the critical power for filamentation.
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5.2.2 Filamentation Modeling Using the Stratified Model for Laser Propagation

More recently, scientists have investigated the simulation of filamentation using models that
account for forward light scattering from droplets sized larger than the wavelength of radiation.
Prior models had adopted the approach of modeling aerosols as a region of linear attenuation and
did not include effects from coherently scattered light. These earlier experimental studies,
performed at high particle concentrations (10° cm™), demonstrated minimal nonlinear laser
interaction effects with aerosols and instead indicated a linear decrease in pulse energy consistent
with Bouguer’s law (13). Méchain et al. (25) followed Courvoisier’s experimental work with the
previously discussed experiments and theoretical simulations that demonstrated the utility of
modeling aerosol regions using linear attenuation fields as a substitute for the random
distribution of disks; however, the authors did note some disparity in using linear attenuation
fields and disks at longer distances. Recent results obtained by Silaeva and Kandidov (31)
demonstrate that linear attenuation media cannot account for continued energy losses beyond the
aerosol layer, resulting from perturbations by scatter within the aerosol. They concluded that
attenuation layers are suitable for describing energy distributions within only the aerosols, not for
pulses propagated beyond them.

Prior to the previously mentioned work by Silaeva and Kandidov (31), Militsin et al. (32)
developed the stratified model for laser propagation while exploring different ways to understand
ultrashort laser pulse propagation. Unlike the continuous linear attenuating model for aerosols,
the stratified model for laser propagation was developed to capture the effects of coherent light
scattering forward off particles on the formation, evolution, and propagation of filaments. In the
stratified model, USPL radiation is propagated through a series of screens that individually
isolate physical components of the propagation. Screens simulating the aerosol portion of the
interaction consist of randomly distributed droplets that cause the simulated pulse to coherently
scatter in the forward direction; backscattering is considered negligible, as the scattering bodies
are much larger than the wavelength of light. Additional screens may be used to simulate
nonlinear optical effects (e.g., self-focusing and plasma effects) and linear diffraction.
Ensembles of these screens stacked together capture the cumulative effects of aerosol forward
scattering, nonlinear interaction with air and plasma, and linear diffraction on the propagating
pulse. More specific details on the construction and use of the stratified model, such as the
mathematical expressions used in the model and the various variables and parameters required
for its use, may be found in Militsin et al. (17) and Kandidov and Silaeva (33).

In one of the earliest investigations using the stratified model, Kandidov and Militsin (34)
simulated USPL propagation through rain conditions similar to the previously described
experiments of Méchain et al. (25). In these simulations, Kandidov and Militsin were able to
produce intensity distributions in the laser pulse that were qualitatively similar to those produced
in the experiment. Regional areas of high intensity were observed in the simulated cross section
of the intensity distribution. The authors attribute the origin of these regions of high intensity to
perturbations that have intensified into filament initiation sites through self-focusing.
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In a later work, Militsin et al. (17) conducted a series of simulations using the stratified model
approach to develop a more complete understanding of how the size of water aerosols and the
laser power impact the generation of filaments. First, ultrashort laser pulses were simulated
propagating through 15 cm of aerosol (N = 10 cm™®), and the increase of intensity due to self-
focusing was monitored as a function of propagation distance, particle size, and initial laser
power. Results from this simulation are shown in figure 7.
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Figure 7. Dependence of maximum laser intensity (I,,ax) on ultra
short pulses with peak powers of 100 P, (P = 600 GW)
and 30 P, (P = 180 GW) on propagation distance (z)
and particle radius (r = 15 um, curves L and 2; r =
2 um, curves 3 and 4) (17).

At the small particle radius (curves 3 and 4), the intensity increase due to Kerr self-focusing
differed only slightly from free propagation (e) through atmosphere, regardless of the power
contained in the pulse. Increasing the power in the pulse from 30 to 100 P, (180 to 600 GW)
shortened the distance to maximal intensity. The rise to maximal intensity was fastest for pulses
interacting with the 15-um aerosols at high pulse power (curve 1); large particles at low power
(curve 2) exhibited little difference in trend from free propagation occurring at a similar power.
The authors ascribed these observations to perturbations produced by scattering off of the large
particles producing spatial instability and nonlinear focusing. At lower laser powers,
perturbations from the large aerosols are less significant, resulting in the observed similarities
with free propagation and propagation through small aerosols (curves 2 and 4).

Second, Militsin et al. (17) investigated the influence of aerosol particle density (N) on distance
to maximum intensity. Simulations were performed for aerosol densities ranging from 100 to
1300 cm® (power, P = 50 P, or 300 GW; aerosol radius, r = 15 um). Increasing the particle
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density increased the distance to filamentation; above 1100 cm™, scattering losses exceeded Kerr
self-focusing, and filamentation did not occur.

Last, Militsin et al. investigated the influence of aerosol particle density and size on observed
filament number. An example of filamentation regime boundaries as a function of aerosol
density and size simulated at P = 50 P, is shown in figure 8.
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Figure 8. Aerosol size and radius influence on filamentation
boundaries, simulated at 50 P, (P = 300 GW). Solid
curves represent simulated data; the dashed curve
represents a constant extinction coefficient (¢ = 0.32 m™)
@an.

This simulation showed that filamentation performed at constant extinction can result in a
change from single to multiple filamentation depending on aerosol size and density. From this,
Militsin concluded that interaction with the aerosol can not only attenuate the intensity of the
laser pulse, but also induce instability, leading to multiple filament generation.

The studies performed by Militisin and others investigated only monodisperse aerosols. Kachan
and Muilitsin (16) expanded on these previous works by simulating filament propagation through
aerosol distributions representative of authentic atmospheric aerosols. Ultrashort laser pulses
propagating through polydisperse aerosols were simulated using the stratified model. The
average particle radius was 4 um, and the distribution was generated using a generalized gamma
distribution (N = 100 cm™, £ = 16.7 km™). An example of the intensity profile in the plane of the
laser cross section at 2 m for a polydisperse aerosol is shown in figure 9.
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Figure 9. Transverse intensity profile of a USPL beam propagating through a
polydiserse aerosol at a distance of 2 m (16).

Despite the presence of the polydisperse aerosol, intensity maxima exceeding the initial peak
intensity are formed by Kerr self-focusing (indicated by peaks in the figure). Under typical
conditions necessary for filamentation, these maxima are expected to produce filaments.

When simulations were carried out using the same polydisperse aerosol at several different
droplet densities (20, 100, and 500 cm™) and constant peak power (P = 100 P, or 600 GW), the
number of filaments produced in the propagating beam increased slightly with an increase in
droplet density. A decrease in the distance to which the filaments formed was also observed.

5.2.3 Filament Propagation Under the Cumulative Effects of Turbulence and Aerosols
Modeled by the Stratified Model

Of further interest to the propagation of ultrashort laser pulses through obscurants is the additive
effect of turbulence. Experiments investigating the influence of turbulence on propagating
filaments have demonstrated that filaments can survive localized turbulence up to five times the
magnitude of typical atmospheric conditions (35). More recently, Salamé et al. (36) investigated
1.3-m-long turbulence regions swept along the propagation axis of a USPL beam. The authors
noted a decrease in the number of filaments that survive the turbulence but observed no effect on
the spectral properties of filaments, including processes such as self-phase modulation and third
harmonic generation. Furthermore, the authors indicated that scaling of these laboratory results
suggests typical atmospheric turbulence will have little effect over kilometer ranges. It should be
noted that this view is not equally shared in the USPL user community. The authors admit that
“such large-scale extrapolation from laboratory-scale data may be hazardous” (36) and that
further research into the effects of turbulence to increase the understanding of its effects on
USPL propagation may be merited.
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Silaeva et al. (18) performed simulations of USPL propagation through the combined effects of
aerosol and turbulence. Prior to the simulations discussed in the work, the authors noted several
other studies (see references contained within) with results contrary to the observations of
Salamé et al. (36). These additional studies include observations that filament properties in the
presence of turbulence, such as distance to filamentation, are highly dependent on turbulence
conditions and laser peak power, and present experimental evidence of turbulence-driven
modulation instability development within the ultrashort laser pulse.

Simulations of filamentation in the presence of turbulence and aerosols were performed at P =
50 P¢r (200 GW) (18). Aerosol screens consisted of particles with a radius of 15 pum and particle
density of 10 cm™. Turbulence was modeled using a modified von Karman spectrum (37)
expanded into a 2-D screen with the following parameters: refractive index structure constant
Ci?= 10" cm™?3; inner scale of turbulence Iy = 1 mm; and outer scale of turbulence Lo =1 m
(figure 10).

Figure 10. Fluence distribution of USPL at different distances (a) in aerosol, (b) in turbulent atmosphere,
and (c) in both turbulence and aerosol. The influence of pulse energy as a function of
propagation distance is shown in (d) (18).

From these simulations, the authors assembled an overall view of the laser/turbulence/aerosol
interaction. Turbulence and aerosols both resulted in perturbations of the light field. In the
presence of aerosol only (figure 10[a]), small-scale perturbations in the laser fluence distribution
due to laser scattering on discrete droplets are immediately visible as small diffraction rings. At
longer distances (1.2—-2.2 m), the aerosol interaction appears as a speckle pattern in the beam
cross section. The formation of filaments (indicated by areas of high intensity) is delayed
slightly relative to the filaments produced when only turbulence is present. Turbulence-induced
perturbations (figure 10[b]) were visible in the fluence distributions only near the start of
filamentation (2.2 m). Initial filamentation sites, such as the region of high intensity seen at

2.2 m, are redistributed into multiple areas of high intensity by the turbulence, resulting in more
filaments than observed in aerosol propagation at similar propagation distances. The
combination of the two processes (figure 10[c]) results in a combination of the two effects.
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Small-scale perturbations are observed early in the propagation, and regions of high intensity
begin to form. Effects from turbulence then redistribute the energy within the pulse, forming
new high-intensity regions (i.e., sources of filamentation).

Analysis of the pulse energy (figure 10[d]) indicates that aerosol scattering produces greater
decreases in pulse energy than turbulence, and that aerosol scattering is the dominant cause for
pulse energy reduction when both aerosol and turbulence effects are present. Additionally,
Silaeva et al. (18) showed that for a filament forming in turbulence, the addition of aerosols
delayed the start distance for forming the filament. The authors attribute this behavior to aerosol
scattering slowing down filamentation by reducing pulse energy, while simultaneously initiating
filaments by providing filamentation sites resulting from the coherent scattering of the laser
radiation.

6. Propagation Through Obscurants on the Battlefield

The battlefield environment represents a worst-case scenario for laser propagation providing for
substantial losses to laser energy even over short distances. In addition to atmospheric water
vapor and dust, other heterogeneous particle sources may be present, such as diesel exhaust,
miscellaneous combustion by-products and man-made smokes (38). Before USPLs will be
useful on the battlefield, further experimentation and simulation is required to develop a
fundamental understanding of how the “known” properties of filament formation and
propagation will translate to this significantly more complex environment. Specifically, progress
needs to be made in several areas of fundamental science discussed in the following sections.

6.1 Interaction of Filaments With Complex Aerosols and Obscurants

The propagation of ultrashort laser pulses and filaments has only been investigated in aerosols
composed of liquid water. The spectral properties of water are well known, and water aerosols
are composed of well-defined spheres of a fixed size or distribution. In contrast, the battlefield
aerosol may be of mixed composition, having shapes ranging from grains as seen in soils and
dusts to smooth particles of carbon present in explosive detonation plumes. These aerosols
likely exhibit a nonuniform size distribution and have vastly different spectral characteristics
than water. In addition, the composition and density of these aerosols can rapidly change, e.g.,
large particles will quickly settle out of a detonation occurring on soil and smaller particles may
persist in the air for hours, drifting along with changing wind currents (38). The physical nature
of the laser/aerosol interaction may also vary greatly with laser-operating parameters, such as
laser wavelength, power, spectral chirp, and pulse duration.

17



6.2 Instrumental Factors Necessary To Achieve Desired Light Delivery on Target

Closely related to the need to understand how the propagation of laser pulses and filaments is
affected by complex aerosols is the need to understand how to “tweak” the laser parameters to
reliably propagate the laser energy in the presence of any complex aerosol and to affect the target
in a desired fashion. Propagation of ultrashort laser pulses and the generation of filaments in air
can be manipulated by adjustments in laser wavelength, pulse duration, and placement of the
nonlinear focus. Turbulence along the laser path will also affect the pulse propagation,
especially when coupled with effects arising from aerosol interactions.

6.3 Understanding Limitations and Advantages of Ultrashort Pulsed Laser Propagation
so That USPLs Can Be Used to Greatest Effect on the Battlefield

While experiments and simulations are developed to determine the influence of complex aerosols
and optimal operating parameters, careful consideration must be made into how these
phenomena can best be utilized for the Soldier. USPLs may play a role in the battlefield from
guidance to target designation to optical damage and sensing. However, the constraints imposed
by the physics of propagation must be considered. For example, the physics governing laser
power attenuation due to scattering and absorbance will occur regardless of the laser pulse
duration, intensity, and nonlinear effects. A laser sensing application may be able to deliver
radiation to the target, but getting information back through the scattering/absorbing medium
remains a challenge that will still have to be addressed. Understanding these and other details is
required for successful development and application of USPLs in the battlefield.

7. Conclusions

Researchers have conducted experimental studies both in laboratories and in the outdoors
demonstrating the survival or reformation of single and multiple laser filaments in air after
interaction with single water droplets, droplet distributions, and rain. The influence of aerosol
size, droplet density, and aerosol layer thickness on the residual laser power and numbers of
surviving filaments has also been investigated. Theoretical simulations have been undertaken to
gain greater insight into the physical processes observed in these experiments. The use of
filamentation models, such as the stratified model for filament propagation, shows that the
distance to filament formation and length varies with the nonlinear focus of the laser pulse,
aerosol particle size, and laser power. Furthermore, these models have been used to broaden the
understanding of the role of coherent light scatter in forming filaments following interruption by
aerosolized media.

The propagation of ultrashort laser pulses and the formation and propagation of laser filaments in
the battlefield environment present a more complex problem. Aerosols in this environment will
exhibit vastly different physical properties (shape, size, composition) than the water-based
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aerosols presently discussed in current literature sources. Little or no work on the interaction of
ultrashort laser pulses with battlefield particulates has been documented. Consequently,
complex studies need to be performed to understand how these aerosols will impact a
propagating laser pulse or filament. Final application in a battlefield environment will require an
understanding of the role of laser parameters (e.g., laser power, wavelength, and pulse duration)
and atmospheric propagation parameters (e.g., existing aerosol composition/size/morphology,
aerosol thickness, turbulence, and range to target) necessary to place laser pulses and filaments at
desired locations under the prevailing conditions. A definition of this parameter space will
require further experimentation under many conditions and the development of more detailed
simulation and predictive models.

The use of USPL systems in the battlefield environment represents a distant but realizable goal.
In addition to understanding the interaction of ultrashort laser pulses and filaments with complex
aerosols and particulates, much fundamental research and understanding is still required in the
area of the formation and propagation of laser filaments in air. Many unanswered questions
remain. For example, what are the exact physical processes behind filament formation and
replenishment? Experimental evidence supports the reservoir description made in section 3 of
this work. In contrast, models of filaments using only solitons (i.e., no energy reservoir) still
result in filament formation and propagation in air. Other areas of debate include the plasma
nature of the filament (Is it a plasma or is the atmosphere only weakly ionized?) and the amount
of laser power contained in an individual filament (3-10 GW). For filaments interacting with
aerosols, does the reformed filament retain any of the characteristics of a parent filament?

Future investigative efforts at the U.S. Army Research Laboratory are aimed at addressing some
of these fundamental scientific questions while keeping to the distant goal of battlefield
application of USPLs and filaments. Planned experiments include the following:

» Developing diagnostic methods for measuring the refractive index of the filament under
various operating parameters to help elucidate the role these parameters have upon the
filament formation and propagation.

» Studying target effects to understand how laser parameters influence the interaction of the
filament with various target materials.

» Studying aerosols to characterize battlefield particulates and their impact on filament
formation and propagation.
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List of Symbols, Abbreviations, and Acronyms

2-D two dimensional

3-D three dimensional

Cy? index of refraction structure constant function
Cw continuous wave

Imax maximum intensity

No linear refractive index

n, nonlinear Kerr index coefficient

N droplet density

LIDAR light detection and ranging

lo inner scale

Lo outer scale

P laser output power

Per critical power in a filament

Rorr droplet radius

USPL ultrashort pulsed laser(s)

€ linear extinction coefficient (indicated as a in some of the original works

referenced herein)

Ao laser source wavelength
T optical thickness
to laser pulse duration
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